ABSTRACT An experimental study was conducted to investigate the discharge characteristics of short air gap and insulation surface under flame conditions. The influence of ac electric field on flame and the mechanism leading to the reduction of breakdown voltage under flame conditions are analyzed. Results show that under the ac electric field, the flame is deflected to the high voltage electrode, and compared with normal conditions (without flame), the breakdown voltage of the short air gap and the insulation surface is decreased by 74.4% and 70%, respectively. Besides, arc levitation appears at high probability under the flame conditions. Furthermore, the decrease of the breakdown voltage of short air gap and the flashover voltage of insulation surface under the flame conditions are mainly due to the increase of the air conductivity and the decrease of the air density. For the insulating dielectric, the change of the flashover path is also one of the main reasons for the decrease of the flashover voltage.
I. INTRODUCTION
With the rapid development of economy and industry, people's demand for electric power is getting larger which gives support to production and life. Therefore, a great number of large capacity and long distance HV transmission lines have been built by the power company. The transmission lines usually have to pass through some mountainous or forest in which wildfire occurs frequently. The characteristics of wildfire are high temperature, high conductivity and much ash. When spreading near the transmission lines, the wildfire will seriously decrease the strength of external insulation of the transmission lines, which may cause line outages within a short time. Moreover, reclosure is difficult to succeed because of the long-term continuity of the wildfire [1] . Line outage accident caused by wildfires have been reported in many countries, such as China, Brazil, and Canada [2] - [4] . It can be concluded that the wildfire has seriously threatened the safety of transmission lines.
At present, a large number of scholars have researched the impact of wildfire leading to the blackout of transmission lines, but most of them only studied the breakdown characteristics of air gaps between transmission lines and the ground. A. Sukhnanda et al. proposed the theoretical breakdown model by analyzing the electric field near the breakdown area when the transmission line tripped caused by fire. Fonseca et al. [5] studied the influence of the burning of sugar canes on the external insulation. Results show that wildfire significantly decreases the flashover voltage of insulators, and the effect of different plants is distinguishing [6] . However, few studies were conducted on the discharge characteristics of short air gap and insulation surface under fire conditions, the influence of electric field on flame is not clear yet. When the wildfire occurs near transmission lines, the environment there will be drastically changed, which will seriously affect the insulation performance of the air. Besides, the electric field around the transmission lines may be changed and distorted by the flame. And the lack of insulation distance may lead to short-circuit fault accidents. Meanwhile, the surface discharge of insulator is greatly influenced by the surrounding environment, for instance, the air temperature and humidity, suspended particles and air pressure. Therefore, the conductivity and high temperature of the flame may cause the decrease of the insulator flashover voltage. And the umbrella skirt of insulators makes the path of flashover easily develop along the ''air'' component [7] - [10] . According to the statistical data, 45.5% of the flashover caused by wildfire occurred near the line towers. Therefore, it is necessary to study the discharge characteristics of short air gap and insulation surface under flame conditions, so as to provide a theoretical basis to guide the design of external insulation in wildfire-prone areas.
In this paper, the influence of the AC electric field on the flame shape and the air gap breakdown characteristics under flame conditions are studied with the plate electrode. Furthermore, study on the arc path and the flashover characteristics of porcelain insulating dielectric under flame conditions were conducted. The results can help to figure out the influence mechanism of flame on the short air gap and insulation surface discharge. Besides, it can provide a reference for ensuring the safe and stable operation of transmission lines in wildfire regions.
II. EXPERIMENTAI SETUP A. EXPERIMENTAL DEVICES
The experiment device and circuit are shown in Fig. 1 . The power source consists of a voltage regulator and a transformer. The output voltage of the voltage regulator is 0-430V and the rated capacity is 30 kVA. The ratio of the transformer is 1:375 and the rated current is 0.1 A, the output voltage is 0-150 kV and the rated capacity is 30 kVA. The experiment voltage is measured by AC/DC resistance capacitance divider (GF-200kV) with voltage ratio of 1:1000. In order to protect the safety of personnel and equipment, a 50 M protective resistor is connected in the circuit.
B. EXPERIMENTAL SPICEMEN
In order to study the flashover characteristics of the insulation surface under flame conditions, a porcelain cylindrical insulating material with some groove is used, the surface grooves are similar to the umbrella skirt of insulator. The creepage distance of the dielectric is 50mm, the two ends of the metal fittings are copper internal thread structure, and it can be fixed on the insulating board by the M5 screw. The specific parameters as shown in Fig. 2a .
The experiment plate electrode consists of two circular plate electrodes with the same shape, the electrodes are processed by a lathe and made of stainless steel. As shown in Fig. 2b , the plate electrodes are fixed on the insulating board using a screw.
C. EXPERIMENTAL PROCESS AND METHOD
In this paper, the influence of flame on the flashover characteristics of insulation surface is studied. Alcohol with less burning products (CO 2 and water) is selected as the fuel. The temperature of the wildfire is generally above 500 • C [11] , and the combustion temperature of the alcohol can reach 
700
• C [12] . It is accurate to imitate the temperature of the wildfire. The experiment is carried out in windless environment and the position of the flame can be changed. In this paper, the flame distance in plate electrode experiment represents the distance between the tip of the flame and the center of the electrode, and the flame distance in the insulation surface flashover experiment indicates the distance between the flame tip and the surface of the insulating dielectric. The surface temperature of insulating dielectric is measured by AR350 infrared thermometer, with the measurement range of −50 • C to 480 • C.
1) INFLUENCE OF AC ELECTRIC FIELD ON THE FLAME SHAPE
The deflection of the flame is observed in the insulation surface flashover experiment. In order to study the influence of the AC electric field on the shape of the flame, a pair of plate electrodes are used to produce uniform electric field.
The distance between two plate electrodes is 8 cm. The alcohol lamp is put under the plate electrode, the flame distance is controlled to 0 cm, 2 cm, 4 cm, 6 cm respectively, and 10 kV, 15 kV, 20 kV, 25 kV, 30 kV, 35 kV, 40 kV AC voltages are applied to the plate electrodes respectively. The shape of the flame is observed and recorded, and the angle of flame deflection is measured. As shown in Fig. 4 , the deflection angle of the flame refers to the included angle(α) between vertical direction and the deflecting direction of the flame.
2) SHORT AIR GAP BREAKDOWN EXPERIMENT UNDER FLAME
Conditions: The flame distance is adjusted and the air gap breakdown voltage of the plate electrode is measured. Experiment procedure refers to IEC standard 60243-1 [13] . Firstly, the even-rising method is used to measure the breakdown voltage U 0 of the plate electrode. Then the voltage is reduced to 60%U 0 , after that the voltage is increased again until flashover occurred. Each time the voltage increases no more than 2%U 0 , and operation interval is not less than 5 s. Considering the accuracy of the experiment results, every experiment is repeated for three times at least.
3) INSULATION SURFACE FLASHOVER EXPERIMENT UNDER FLAME
Conditions: Firstly, flame distance is changed, then flashover experiment is conducted until the flame steady burns for 30s, after that an infrared thermometer is used to measure the surface temperature of the insulating dielectric.
To study the effect of temperature on the flashover voltage and exclude the influence of flame, the flame is extinguished after flashover experiment and the flashover experiment is conducted again immediately without flames. In addition, the difference in surface temperature of the insulating dielectric does not exceed ±10 • C with and without flames.
III. THE PLATE ELECTRODE EXPERIMENT UNDER FLAME CONDITIONS A. THE SHAPE OF FLAME UNDER AC ELECTRIC FIELD
Flame acts as a low temperature plasma and contains a large amount of ions and electrons [14] . During the combustion of hydrocarbon fuels, the main components of the flame and the product are CO 2 , CO, H 2 O, volatile hydrocarbon molecules and soot particles resulting from incomplete combustion [15] . Simultaneously, the molecules ionize a large amount of ions and electrons, which is a kind of compound ionization [16] .
The electron concentration in the flame is about 10 9 -10 10 /cm 3 . Most soot particles on the edge of the flame will be charged after being collided with charged particles in the flame [17] - [19] . These charged particles will be affected by the electric field force in the electric field. As a result, the shape of the flame changes accordingly.
The electric field force acting on charged particles is alternating because of the sinusoidally changing AC electric field. However, the flame deflects to the high voltage electrode invariably. In this case, charged particles in the flame move towards the high voltage electrode under the AC electric field and the flame deflects to the high voltage electrode more obviously with larger voltage and smaller distance. To conclude, the flame will be attracted by the high voltage electrode under AC electric field.
B. THE BREAKDOWN CHARACTERISTICS OF SHORT AIR GAP UNDER FLAME CONDITIONS
In order to study the effect of the flame on the short air gap breakdown voltage, breakdown experiments of the plate electrode under flame conditions were carried out. The distance of the plate electrode is 2 cm. Fig. 7 shows the relationship between breakdown voltage and the flame distance. Without the flame, the breakdown voltage is 38.3 kV. When the flame distance is 14cm, the breakdown voltage decreases to 22.1 kV, accounting for 42.3% of the breakdown voltage without flame. As shown in Fig. 7 of Sections I, the breakdown voltage decreases with the decreasing flame distance. When the flame tip approaches the bottom of plate electrode, the breakdown voltage decreases slowly and gets closed to 15.6 kV. Sections II shows that the breakdown voltage also decreases obviously when the flame tip enter the air gap between the plate electrode. When the flame tip comes to the plate electrode center, which means the flame distance is 0 cm, the breakdown voltage is 9.8 kV which decreasing by 4.4% and 55.6% compared with the flameless condition and the flame distance of 14 cm, respectively. In conclusion, under the flame condition, the breakdown voltage decreases obviously with the decrease of flame distance.
To research thoroughly into the influence of flame on the air insulation performance, breakdown experiment of the plate electrode with different gap distances was conducted as well. Fig. 8 shows the relationship between the breakdown voltage and gap distances with the flame height of 6 cm. Under both normal (without flame) and flame conditions, the breakdown voltage rises with the increase of the gap distance. Meanwhile, compared with that under normal conditions with the same gap distance, the breakdown voltage on flame condition decreases. Furthermore, the maximum and minimum decrease rates are 68.9% and 56.1%, respectively.
The presence of flame seriously affects the insulation properties of air around. On the one hand, as a kind of intense chemical reaction, combustion shows a strong ionization and can generate a large amount of charge, which will be more intense with smaller distance and higher temperature. As a result, the air conductivity becomes larger and charged particles grow in number. Lower voltage can maintain a stable discharge current in the air gap, eventually causing breakdown [14] . On the other hand, fuel burning will generate smoke which contains CO 2 and H 2 O, as well as large-scale particles, such as carbon black produced by insufficient combustion. These particles will cause distortion of the electric field between the plate electrodes [6] , [19] . Moreover, to external insulation, the gas discharge voltage decreases with decreasing air density. According to the relationship between air density ρ and temperature t:
where ρ 0 is the air density under standard atmospheric pressure (101.3 kPa), P 0 and P are the standard atmospheric pressure and the air pressure under flame conditions, respectively [20] . The high temperature of the flame causes a significant reduction on the density of the surrounding air. As the density of the air decreases, the mean free path of free electrons in the air also increases, and the effective ionization coefficient of electrons increases, making the development of streamer and electron collapse easier [20] . In addition, the flame will be attracted by the high voltage electrode under AC electric field. And the electromagnetic environment nearby is more complicated resulting from the particularity of transmission lines and tower structure. The wildfire spreading to nearby lines and towers, particles and charges in the flame will be attracted by the AC electric field and then gather around, although the vegetation below the lines and towers will be cleaned up regularly and the wildfire does not occur behind the transmission lines. As a consequence, the insulation performance of the air surrounding the line declined, which may lead to gap breakdown due to insufficient insulation distance of the transmission lines.
IV. FLASHOVER EXPERIMENT OF INSULATION SURFACE UNDER FLAME CONDITIONS A. THE EFFECT OF FLAME ON THE FLASHOVER PATH
Insulator is one of the most important insulation equipment for transmission lines, and their operating condition is also faced with severe challenges in the wildfire. To study the effect of flame on the flashover of insulating dielectric along the surface, the experiment of flashover along insulation surface was carried out under flame conditions. Fig. 8 is a photograph of flashover on insulation surface under normal and flame conditions taken by a high-speed camera. Under normal conditions, flashover always develops along the insulation surface (shown in Fig. 9a) . However, the flashover shows arc levitation frequently which develops along the air directly and across the groove under flame conditions (shown in Fig 9b) .
This phenomenon is mainly due to the change of the force that the arc is subject to under flame conditions. In the process of development, arcs are mainly affected by electrostatic force, electromagnetic force and thermal buoyancy. The electrostatic force is related to the electric field strength of the arc root and the thermal buoyancy is related to the air density. The effect of electromagnetic force is very small compared to electrostatic force as well as thermal buoyancy VOLUME 6, 2018 and not affected by the environment, so it can be ignored [22] . Therefore, the development of arc is influenced by the interaction between electrostatic force and thermal buoyancy to a great extent. Electrostatic force, whose direction is parallel to the insulation surface, is the main force for the advancement of the arc. While the buoyancy is always perpendicular to the dielectric, which makes the arc leave the surface of the dielectric. In addition, the effect of thermal buoyancy becomes more prominent with decreasing air density.
From (2), it can be seen that the increase of temperature reduces the air density and so the air pressure decreases. With lower air density, the electrostatic force decreases and the thermal buoyancy increases, which makes the impact of thermal buoyancy on the path of the arc more notable. As a result, the arc gradually floats away from the surface of the dielectric, eventually leading to arc levitation. Moreover, the arc levitation phenomenon appears more frequently with higher the temperature and lower air density around the insulation surface [20] .
B. FLASHOVER CHARACTERISTICS OF INSULATION SURFACE UNDER FALME CONDITIONS
To investigate the effect of flame on the flashover voltage of the insulation surface, the flashover experiment of the insulation surface under different flame conditions are conducted. Fig. 10 shows the relationship between the flashover voltage and the flame distance. Under normal condition, the flashover voltage of the insulating dielectric is 37.3 kV. After lighting up the fire with flame distance of 14 cm, the flashover voltage drops to 25 kV, which accounts for 33% of that on normal condition. The flashover voltage declines with the decrease of flame distance. Before the flame contact the surface of the insulating dielectric, the decline trend of the flashover voltage gradually slows down and the voltage presses on 15 kV. When the flame tip contacts the insulation surface, the flashover voltage dropped to 11.2 kV. In order to intensively study the effect of flame on the surface flashover of insulating dielectric, the flashover voltage of the insulation surface is immediately measured as soon as the flame is extinct (the difference of the surface temperature between two flashovers does not exceed 10 • C). The curve in Fig. 9 shows the flashover voltage and surface temperature of the insulating dielectric with different flame distances. It can be concluded that the flashover voltages of the insulation surface are affected by both the surface temperature and the flame. Compared with the flame extinction conditions, the flashover voltage under flame conditions decreases by 25.6%, 34.1%, 31.8%, and 47.9% with the flame distances of 0 cm, 4 cm, 8 cm, and 14 cm, respectively. The flashover voltage decreases with the increase of the surface temperature. When the surface temperature reaches 303 • C or above, the flashover voltage is 43% lower than that with room temperature.
It can be concluded from Fig. 10 and the experiment results in section III that, the flashover voltage will be significantly reduced by the flame. The ceramic material used in the experiment is made of smooth ceramic which is a kind of ionic crystal. The chemical-bond energy between ions is large, and the energy required for electron escaping is large as well. However, the temperature rising has little effect on the electron concentration on the insulation surface. Therefore, it can be regarded that the flashover voltage is mainly influenced by the change of surrounding air density.
The flame extinction curve in Fig. 10 shows the flashover voltage decreases with the increasing surface temperature. This is because the high temperature of the insulating dielectric also increases the temperature of the air around the insulation surface due to heat conduction and heat radiation, and the temperature rise will decrease the air density. On the one hand, the decrease of air density will increase the mean free path of free electrons in the air, as well as the electron impact ionization coefficient, resulting in the easily occurring of discharge [21] . On the other hand, the arc propagation must meet the condition of dP/dx ≥0, only when the input power of the arc increases by P, i.e. the energy stored in the arc channel increases, can the length of the arc increase x. The arc channel energy is the difference between the input power and the lost power [23] . When the air density is low, the convection heat dissipation decreases, making the power loss reduced. Therefore, the arc can propagate at a relatively low input power, leading to the decrease of flashover voltage [24] , [25] .
As can be seen from Fig. 10 , when the flame appears near the insulation surface, the flashover voltage shows a significant decrease. This phenomenon indicates that the flame is an important factor in the flashover voltage decrease in addition to the temperature rise of the insulation surface and surrounding air. Charged particles released by flame combustion increase the conductivity of surrounding air and reduce the insulation performance of air. Moreover, charged particles will gather around the high voltage terminal of the insulating dielectric under the electric field, leading to the electric field near the fittings be distorted and making the discharge occur easily, eventually reducing flashover voltage [19] .
In summary, under flame conditions, the decrease of the flashover voltage results from temperature rising of the insulation surface and the charged particles released from the flame itself. On the one hand, the high temperature of the flame will cause a significant reduction on the density of surrounding air, which makes the mean free path of free electrons in the air increase. Meanwhile, the loss of arc power decrease, so the arc can be maintained with relatively low energy. On the other hand, charged particles released by flame combustion make the air conductivity larger and the insulation performance of air declined. In addition, under flame conditions the flashover path shows arc levitation frequently, which causes the creepage distance of the insulation surface underutilized.
V. CONCLUSION
In this paper, the discharge characteristics of short air gap and insulation surface under flame conditions are studied by the experiments. The following conclusions can be drawn.
1) The flame will be deflected to the high voltage electrode under AC electric field. And the phenomenon is more obvious with larger voltage and smaller flame distance.
2) The flame makes the insulation performance of the surrounding air declined. Flame combustion can generate a large amount of charged particles which increase the air conductivity. The high temperature of the flame will cause a significant reduction on the density of surrounding air, which makes the mean free path of free electrons in the air increase. A large amount of particles produced by insufficient combustion will distort the electric field near the high voltage electrode.
3) The flashover voltage of the insulation surface will be significantly reduced by the flame. The flashover voltage is influenced by temperature rise of the insulation surface and the reduction of the surrounding air density. The flashover path shows arc levitation frequently which underutilizes the creepage distance of the dielectric, which is also one of the main reasons for decline of flashover voltage. 4) The ambient temperature and air density are changed by the flame, so the electrostatic force, electromagnetic force and thermal buoyancy of the arc will be changed, eventually leading to the arc levitation. 
